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We demonstrate dynamic spin injection into chemical vapor deposition (CVD) grown graphene by spin pumping from permalloy (Py) layers. Ferromagnetic resonance measurements at room temperature reveal a strong enhancement of the Gilbert damping at the Py/graphene interface, indeed exceeding that observed in Py/platinum interfaces. Similar results are also shown on Co/graphene layers. This enhancement in the Gilbert damping is understood as the consequence of spin pumping at the interface driven by magnetization dynamics. Our observations suggest a strong enhancement of spin-orbit coupling in CVD graphene, in agreement with earlier spin valve measurements. In spintronics, where the electron's spin degree of freedom, rather than its charge, is employed to process information, the efficient generation of large spin currents stands as a key requirement for future spintronic devices and applications. Several approaches to generate pure spin currents have been proposed and are being widely investigated, namely, non-local spin injection, 1 spin Hall effect, [2] [3] [4] and spin pumping. 5, 6 Among these, spin pumping offers the advantage of producing spin currents over large (mesoscopic) areas [7] [8] [9] [10] [11] [12] [13] at ferromagnetic/non-magnetic (FM/NM) interfaces. In addition, dynamical spin pumping is insensitive to a potential impedance mismatch at the FM/NM interface, 14 a problem ubiquitous in the non-local spin injection approach. Dynamical spin pumping consists of generating pure spin current (i.e., with no net charge current) away from a ferromagnet into a non-magnetic material, induced by the coherent precession of the magnetization upon application of microwave stimuli of frequency matching the ferromagnetic resonance (FMR) of the system. 15 Since pure spin currents carry away spin angular momentum, in an FMR experiment, the transfer of angular momentum from the FM into the NM layer results in an enhancement of the Gilbert damping in the ferromagnet. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Most studies of dynamical spin pumping on FM/NM interfaces have made use of Pt and Pd NM layers, since the large spin-orbit coupling in these systems enables the conversion of the injected spin current into an electric voltage across the NM layer, a phenomenon known as inverse spin Hall effect (ISHE). Recently, spin pumping has been experimentally demonstrated in FM/semiconductor interfaces (e.g., GaAs 13 and p-type Si 15 ). However, there is no experimental report on spin pumping in FM/graphene interfaces, though graphene 16 (a two-dimensional layer of carbon atoms), possesses unique electronic properties (e.g., high mobility and gate-tunable charge carrier, among others), and stands as an excellent material for spin transport due to its large spin coherence length. 17 In this letter, we report experimental FMR studies of Py and Co films and polycrystalline graphene grown by chemical vapor deposition on Cu foils 18, 19 (henceforth, Co/Gr and Py/Gr, respectively) performed in a broad-band microwave coplanar waveguide (CPW) spectrometer. The observation of a remarkable broadening of the FMR absorption peaks in the Py/Gr (88%) and Co/Gr (133%) films demonstrates a strong increase of the Gilbert damping in the FM layer due to spin pumping at the FM/Gr interface and the consequent loss of angular momentum through spin injection into the CVD graphene layer. To account for such a remarkable absorption of angular momentum, the spin orbit coupling in CVD graphene must be orders of magnitude larger than what is predicted for pristine, exfoliated graphene.
To prepare the FM/Gr samples, single layer CVD grown graphene 18, 19 was first transferred onto a Si substrate with 300 nm thick SiO 2 layer. The sample was then annealed in a H 2 /Ar environment at 300 C for 3 h to remove all organic residues. For the Py layer, we chose Ni 80 Fe 20 , a material extensively used for magnetic thin film studies because of its low magnetocrystalline anisotropy and its insensitivity to strain. The FM layer (Py/14 nm, Co/15 nm) was deposited on top of the graphene layer lying over the SiO 2 /Si substrate by electron-beam evaporation at a base pressure of 3 Â 10 À7 Torr. For the purpose of FMR comparison experiments, a control FM film of the same thickness was deposited simultaneously on the same SiO 2 wafer in an area where graphene was not present. The schematic of the FM/Gr samples is shown in Fig.  1 (a), together with the Raman spectrum of the CVD graphene before the deposition of Py ( Fig. 1(c) ). The high intensity of a)
A. K. Patra and S. Singh contributed equally to this work. the 2D peak, when compared to the G peak, and the weakness of the D peak, suggests that graphene is single layer and of high quality (i.e., low degree of inhomogeneity/defects).
FMR measurements were carried out at room temperature with a high-frequency broadband (1-50 GHz) micro-coplanar-waveguide (l-CPW) 20 using the flip-chip method, [21] [22] [23] by which the sample is placed up-side-down covering the central part of the CPW (as shown in Fig. 1(b) ), where the transmission line is constricted to increase the density of the microwave field and enhance sensitivity. The CPW was covered with a 100 nm-thick insulating layer of PMMA resist, hardened by electron beam exposure, to avoid any influence of the CPW, made out of gold, on the sample dynamics. A 1.5 T rotatable electromagnet was employed to vary the applied field direction from the in-plane (h ¼ 0 ) to normalto-the film plane (h ¼ 90 ) directions. Fig. 2(a) shows the angular dependence of the FMR field measured at 10 GHz for both Py and Py/Gr films. The rotation plane is chosen to keep the dc magnetic field, H, perpendicular to the microwave field felt by the sample at all times, as shown in Fig.   1(b) . The resonance field increases as the magnetic field is directed away from the film plane (i.e., increasing h), as expected for a thin film ferromagnet with in-plane shape magneto-anisotropy. The angular dependence of the FMR field (H R ) can be fitted using the resonance frequency condition given by the Smit and Beljers formula, 23 ,24
where x ¼ 2pf is the angular frequency, c ¼ gl B = h the gyromagnetic ratio, and H 1 and H 2 are given by
where u is the magnetization angle, 4pM ef f ¼ 4pM S À 2K 1 =M S À 4K 2 =M S cos 2 u is the effective demagnetization field, M s is the saturation magnetization, and K 1 and K 2 are the first and second order anisotropy energies, respectively. The best fits to the data in Fig. 2(a) are given by the parameters shown in the third column of Table I , together with the corresponding parameters extracted from equivalent measurements on the Co and Co/Gr films (not shown).
It is useful to study the resonant behavior by applying the magnetic field at h ¼ 0 (parallel configuration) and h ¼ 90 (perpendicular configuration), since the frequency behavior of the FMR fields is given, respectively, by,
where c ¼ gl B = h is the gyromagnetic ratio, 4pM eff ;== Table I , together with those extracted from the Co and Co/Gr. Note that the anisotropy fields depend on the selection of the saturation magnetization, with theoretical values M S,Py ¼ 9.27 kG (attending to a 20/80-Ni/Fe ratio and assuming identical densities), and M S,Co ¼ 17.59 kG. For the Co and Co/Gr films, the effective saturation magnetization (M eff ¼ 17.7 kG) is similar to the one expected from theory, hence there is negligible out-ofplane anisotropy (K 1 $ 0), in agreement with previous studies. 25 The situation is different in the case of the Py and Py/Gr, where the small Py anisotropy field H A1 ¼ 1.98 kG grows significantly in the Py/Gr (H A1 ¼ 3.60 kG), suggesting an increase of the Py surface anisotropy due to the presence of the graphene layer (i.e., interface effect). Nevertheless, the magnetization remains in the plane of the film for all samples.
We now focus on the FMR linewidth and its frequency dependence when the magnetic field is applied parallel to the film (h ¼ 0 ), from which information about the Gilbert damping (i.e., spin relaxation dynamics) can be directly extracted. The inset of Fig. 3 shows a field derivate of the CPW S 21 transmission parameter obtained when exciting the FMR at 10 GHz in both Py and Py/Gr samples, with H R ¼ 1.28 kG and 1.55 kG, respectively. The peak-to-peak distance represents the linewidth, DH, of the FMR, whose behavior as a function of frequency is shown for both samples in the main panel of Fig. 3 . A remarkable increase of the FMR linewidth by 88% is observed in the Py/Gr sample, and even higher (133%) in the Co/Gr films. The change in the linewidth must be attributed to a substantial enhancement of the Gilbert damping in the FM film due to the influence of the graphene directly underneath. The frequency dependence of the FMR linewidth can be written as a contribution from two parts
where a is the parameter of the Gilbert damping G ¼ acM S . The first term, DH 0 , accounts for sample-dependent inhomogeneous broadening of the linewidth and is independent of frequency, while the second term represents the dynamical broadening of the FMR and scales linearly with frequency. As observed in Fig. 3 , the measured linewidth for both FM and FM/Gr samples increases linearly with frequency, with negligible inhomogeneous broadening, indicating that damping in the FM film can be properly explained by the phenomenological Landau-Lifshitz-Gilbert damping model. 
Frequency dependence of the FRM linewidth for Py, Py/Gr, Co, and Co/Gr films obtained with the magnetic field applied at h ¼ 0 (in-plane configuration). The inset shows the field derivatives of CPW S 21 transmission parameter (at 10 GHz) of the Py and Py/Gr samples, from which the linewidth, DH, is calculated as the peak-to-peak distance.
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Patra et al. Appl. Phys. Lett. 101, 162407 (2012) A similar broadening of the FMR linewidth is observed in both samples when the field is applied perpendicular to the plane, excluding frequency-dependence inhomogeneous broadening (e.g., two-magnon scattering produced by changes in morphology of the FM surface 26 ), as its possible source. By fitting the data in Fig. 3 to Eq. (4) (using DH 0 ¼ 0), the damping parameters a and G are determined and given in the fourth column of Table I for all studied samples. The Gilbert damping increases substantially in the FM/ Gr films as a result of the increased linewidth, when compared to the values obtained in the FM samples (which are comparable with values given in the literature for similar Py and Co films 9, 22 ). This is our key finding. Remarkably, the change in the damping parameter in the Py/Gr sample (Da ¼ a Py=Gr À a Py ¼ 0.01) is even more pronounced than those observed in Py/Pt systems, in which the thick (when compared to graphene) heavy transition metal Pt layer provides the large spin-orbit coupling necessary to absorb (i.e., relax) the spin accumulation pumped away from the ferromagnet. The efficiency of spin injection is usually cataloged by means of the interfacial spin-mixing conductance, which is proportional to the additional damping parameter, Da, as follows: 11 Note that in the cited experiments, the spin-diffusion length of the non-magnetic layer ($10 nm for Pt) is smaller than the layer thickness. This is significant since it explains how the Pt layer is capable of dissipating the spin accumulation generated by the dynamical spin pumping, and account for the loss of angular momentum in the Py. In the case of graphene, the enhancement of the damping parameter is more complicated to understand. In a standard FM/NM metallic system, the spin current injected into the NM layer decays mainly perpendicularly to the interface, 27 causing the enhancement of the damping parameter to depend on the ratio between the layer thickness and the spin-diffusion length in the NM. However, graphene has effectively zero thickness and, at least theoretically, a very weak intrinsic spin-orbit coupling. Therefore, the spin current must decay in a FM/Gr film parallel and not perpendicular to the interface. Furthermore, some sizable spin-orbit coupling must exist in CVD graphene films. The latter may also explain the generally observed very short spin relaxation times in lateral CVD graphene spin valves. 28 Recently, small levels of hydrogen 29 and copper adatoms 30 have been predicted to lead to a strong enhancement of the spin-orbit coupling, bringing it into meV range. Cu adatoms are certainly likely to be present in the CVD samples utilized in our experiments, pointing at a possible explanation for the large spin pumping effect observed in our FM/Gr films.
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